Introduction {#section1-0963689717735112}
============

Pancreatic islet transplantation is a potential curative and minimally invasive cell therapy for diabetes. However, several hurdles remain before this therapy can be widely applied. Massive cell death due to isolation stress and hypoxia associated with the transplantation process causes loss of up to 70% of functional islets in the first 72 hours after implantation, prior to onset of the acquired immune response.^[@bibr1-0963689717735112]^ Hypoxic stress of islets leads to activation of natural factor κB signaling pathways, expression of tissue factor (TF), release of interleukin 1β (IL-1β) from resident macrophages and downregulation of anti-inflammatory cytokines, such as interleukin 10 (IL-10).^[@bibr2-0963689717735112]^ These changes lead to upregulation of cell apoptotic pathways and release of further inflammatory mediators and chemotactic factors from islets, which attract host macrophages. Islet cell necrosis and apoptosis also results in release of intracellular proteins (damage-associated molecular patterns \[DAMPs\]) that trigger an innate host immune response via toll-like receptor pathways. Cytokine release by host dendritic cells facilitates allorecognition and eventual allograft rejection.^[@bibr3-0963689717735112]^

Bilirubin, a product of the enzyme heme oxygenase (HO-1), is a powerful antioxidant, with anti-inflammatory and cytoprotective properties that have been demonstrated in animal models of ischemia--reperfusion injury.^[@bibr4-0963689717735112]^ Recent work by our group has shown that at therapeutic doses of 10 to 20 μM, bilirubin acts on islet grafts in vitro by suppressing the release of DAMPs and cytokines, resulting in significantly decreased cell death.^[@bibr5-0963689717735112]^ Administration of bilirubin to murine pancreatic islet allograft recipients at doses of 10 to 20 μM significantly improved graft viability through attenuation of cell apoptosis and reduction in serum inflammatory mediators (IL-1β, tumor necrosis factor alpha \[TNF-α\], soluble intercellular adhesion molecule-1 \[sICAM-1\], and monocyte chemoattractant protein-1 \[MCP-1\]).^[@bibr6-0963689717735112]^ In addition, pretreatment of islet donors with 8.5 μM bilirubin significantly improved islet survival by upregulating expression of protective genes (H0-1 and bcl-2) and downregulating pro-inflammatory genes (MCP-1, caspase-3, caspase-8, TNF-α, and inducible nitric oxide synthase \[iNOS\]; [Fig. 1](#fig1-0963689717735112){ref-type="fig"}).^[@bibr7-0963689717735112],[@bibr8-0963689717735112]^ However, bilirubin is insoluble in water at physiologic pH, is highly protein-bound in plasma, and has poor bioavailability, necessitating repeated intravenous or intraperitoneal administration.^[@bibr9-0963689717735112]^ At higher concentrations, bilirubin is well known as a neurotoxin, particularly in susceptible newborns with neonatal jaundice. At concentrations above 25 μM, bilirubin has been shown to cross cell membranes and induce immunosuppression and apoptosis via mitochondrial depolarization.^[@bibr10-0963689717735112],[@bibr11-0963689717735112]^ Thus, this molecule has a relatively narrow therapeutic range.

![Cytoprotective properties of bilirubin. Bilirubin has been shown to intervene at multiple levels on the pathway to islet apoptosis.](10.1177_0963689717735112-fig1){#fig1-0963689717735112}

Polymeric nanoparticle (NP) drug delivery of hydrophobic compounds can improve solubility and bioavailability, reducing the effective drug dose and toxicity and allowing administration via the oral route. Pluronics are amphiphilic, triblock copolymers that form micelles in an oil-in-water emulsion, and pluronic F127 has been approved by the Food and Drug Administration (FDA) for use as a pharmaceutical ingredient.^[@bibr12-0963689717735112]^ Chitosan is a natural, biodegradable, cationic polysaccharide, found in the exoskeletons of crustaceans.^[@bibr13-0963689717735112]^ Like pluronic F127, chitosan is amphiphilic and forms micelles by self-assembly when dispersed in water, with a hydrophobic core that can absorb hydrophobic molecules.^[@bibr14-0963689717735112]^ Its positive surface charge facilitates penetration through cellular membranes as well as adhesion to mucus glycoproteins.^[@bibr14-0963689717735112],[@bibr15-0963689717735112]^ Pluronic F127--chitosan polymeric NPs have been shown to be highly stable and effective in the delivery of other hydrophobic molecules.^[@bibr16-0963689717735112]^

We hypothesized that delivery of bilirubin via pluronic F127--chitosan NPs would allow for sustained drug release and improved drug uptake into pancreatic islet cells in culture when compared to free bilirubin (fBR). We further hypothesized that nanoparticle bilirubin (nBR) would improve the viability and function of isolated murine islets following exposure to hypoxic stress compared to unencapsulated bilirubin (fBR) or control.

Materials and Methods {#section2-0963689717735112}
=====================

Materials {#section3-0963689717735112}
---------

Pluronic F127 (MW: 12.6 kDa) was obtained from BASF Corp (Wyandotte, Michigan, USA). Chitosan oligosaccharide of pharmaceutical grade (MW: 1.2 kDa, 95.5% deacetylation) was purchased from Zhejiang Golden-Shell Biochemical Co. Ltd (Zhejiang, China). Bilirubin (bilirubin-mixed isomers B4126; Sigma Aldrich, St Louis, Missouri, USA) stock solution of 1.29 mM at pH 7.4 was created by the following method: 0.2 N NaOH was added, dropwise, to 0.0584 g bilirubin powder. After dissolution of the bilirubin in NaOH, 40 mL Roswell Park Memorial Institute Media (RPMI 1640) without phenol red with 10% fetal bovine serum (FBS) was added. The pH was adjusted to 7.4 by gradual addition of HCl. Further RPMI + 10% FBS was added to yield a total volume of 50 mL. The solution was filtered, then the concentration of bilirubin was measured using the colorimetric diazo method (Cobas c311 Analyzer, Roche Diagnostics, Rotkreuz, Switzerland).

Synthesis of Pluronic F127--chitosan Nanoparticles {#section4-0963689717735112}
--------------------------------------------------

Pluronic F127--chitosan NPs with a core-shell architecture were synthesized using a previously reported method^[@bibr12-0963689717735112],[@bibr16-0963689717735112]^ with slight modification. Briefly, a total of 30 mL of pluronic F127 solution (26 mM in benzene) was added drop wise into 30 mL of 4-nitrophenyl chloroformate (4-NPC) solution (160 mM in benzene), and the mixture was stirred for 3 h in N~2~ atmosphere at room temperature to activate pluronic F127. The activated polymer was precipitated and filtered in excess (ice-cold) diethyl ether 3 times, then dried overnight under vacuum conditions. To synthesize pluronic F127--chitosan NPs, a total of 500 μL of the activated polymer (300 mg/mL or 23.2 mM) in dichloromethane was added dropwise into 5 mL of chitosan solution (15 mg/mL or 12.5 mM) in deionized (DI) water at pH 10 under sonication using a Branson 450 digital sonifier (Danbury, Connecticut, USA) at 16% of maximum amplitude for 3 min. Dichloromethane was then removed by rotary evaporation. The resultant solution was dialyzed against DI water with a Spectra/Por (Spectrum Laboratories, Houston, Texas, USA) dialysis tube (MWCO, 50 kDa) overnight and further dialyzed against DI water for 3 h using 1000 kDa Spectra/Por dialysis tube. Finally, the sample was freeze-dried for 48 h to obtain dry NPs. The resultant NPs are ∼20 nm at 37 °C ([Fig. 2A](#fig2-0963689717735112){ref-type="fig"} and [B](#fig2-0963689717735112){ref-type="fig"}).^[@bibr16-0963689717735112]^

![Microscopic and gross depictions of Pluronic F-127 chitosan nanoparticles (NP) and nanoencapsulated bilirubin synthesized for this study. (A) Scanning electron micrograph of empty Pluronic F-127 chitosan NP (eNP) at room temperature. NP are 293 mn at 22 °C (Adapted with permission from Rao W. et al.^[@bibr16-0963689717735112]^ Chitosan-Decorated Doxorubicin-Encapsulated Nanoparticle Targets and Eliminates Tumor Reinitiating Cancer Stem-like Cells. ACS Nano. 2015; 9(6):5725-40. Copyright (2015) American Chemical Society.); (B) Transmission electron micrograph of Pluronic F-127 chitosan NP at room temperature; (C) Dry nanoencapsulated bilirubin (nBR) at room temperature (feeding ratio 1:20). nBR are 355 nm at 22 °C.](10.1177_0963689717735112-fig2){#fig2-0963689717735112}

Encapsulation of Bilirubin to Obtain Nanoparticle-encapsulated Bilirubin {#section5-0963689717735112}
------------------------------------------------------------------------

Bilirubin was encapsulated in the pluronic F127--chitosan NPs using a method reported elsewhere.^[@bibr16-0963689717735112]^ Briefly, 20 mL of bilirubin solution in chloroform (0.25 mg/mL) was added dropwise into 10 mL of aqueous solution (10 mg/mL) of Pluronic--chitosan NPs in DI water under constant stirring. After 1 h of equilibration, the sample was put under low vacuum to remove chloroform slowly over 6 to 8 h. Then the sample was transferred into a round flask to remove any remaining chloroform by rotary evaporation. The sample was then filtered through a 0.45 μm filter at room temperature and lyophilized for 24 h to obtain dry nBR ([Fig. 2C](#fig2-0963689717735112){ref-type="fig"}) that were either used immediately or stored at −20 °C for future use.

Spectrophotometric Analysis of Bilirubin Content Within Nanoparticles {#section6-0963689717735112}
---------------------------------------------------------------------

Bilirubin is a bile pigment that exhibits strong autofluorescence, with maximum spectral absorption at a wavelength of 440 nm when in aqueous solution and 480 nm when bound to bovine serum albumin (BSA).^[@bibr17-0963689717735112],[@bibr18-0963689717735112]^ To determine the dose of nBR required for the ensuing experiments, 1 mg/mL nBR in phosphate-buffered solution (PBS) was compared to a standard curve of known bilirubin concentrations via spectrophotometric analysis at the wavelength of 440 nm. The 1 mg/mL nBR in PBS was found to have a bilirubin concentration of 4.8 μM. Further calculations of the dose of nBR or eNP were performed based on weight, with the assumption that 1 mg of nBR and 1 mg of eNP contained equivalent numbers of NPs.

In Vitro Release Studies {#section7-0963689717735112}
------------------------

Aliquots of 1 mL of ∼20 μM fBR or nBR were suspended within a 20 kD Spectra/Por (Spectrum Laboratories, Irving, TX, USA) dialysis tube, in 25 mL of either PBS or PBS containing 10% FBS and 1% penicillin/streptomycin. The pore size of the dialysis membrane was selected based on the relative sizes of unconjugated bilirubin molecules (0.585 kDa), BSA (66.5 k Da), and radius of the NP (∼20 nm at 37 °C). Pores of the 20 kDa dialysis tube would allow diffusion of spherical molecules with a radius of 1.78 nm or smaller.^[@bibr19-0963689717735112]^ Thus, fBR would be able to pass through the pores, while NPs and albumin would not. Three samples were tested for each of the 4 groups. Samples were incubated at 37 °C, continuously agitated with magnetic stirrer bars and protected from light ([Fig. 3](#fig3-0963689717735112){ref-type="fig"}). A total of 500 μL of dialysate was taken at predetermined time points for a period of 3 d and, the dialysate was replaced with an equal volume of the base solution each time. The samples of dialysate were frozen at −20 °C. After all samples were collected, spectrophotometric analysis was performed at 460 nm to determine the bilirubin concentration in each sample using a standard curve of known bilirubin concentrations. Results were expressed as percentage release compared to initial concentration of bilirubin within the dialysis tube.

![Procedure for testing the release characteristics of nanoparticle bilirubin (nBR) and free bilirubin (fBR) in solutions with or without protein. Aliquots of 1 mL of ∼20 μM fBR or nBR were suspended within a 20 kD Spectra/Por dialysis tube, in 25 mL of either phosphate-buffered saline (PBS) or PBS containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Samples were incubated at 37 °C, continuously agitated with magnetic stirrer bars and protected from light. A total of 500 μL of dialysate were taken at predetermined time points for a period of 3 d, and the samples of dialysate were frozen at -- 20 °C. Spectrophotometric analysis was performed at 460 nm to determine the bilirubin concentration in each sample using a standard curve of known bilirubin concentrations.](10.1177_0963689717735112-fig3){#fig3-0963689717735112}

Cellular Uptake and Intracellular Distribution of nBR in INS-R3 Cells {#section8-0963689717735112}
---------------------------------------------------------------------

Murine INS-R3 cells, an insulinoma cell line, were used as a model of pancreatic β cells. Following cell culture to confluence, cells were seeded into 35 mm petri dishes at 1.5 × 10^5^ cells/dish with 1 mL RPMI cell culture medium. Each petri dish also contained two 12 mm type I collagen--coated glass cover slips, to allow cell adherence. Glass coverslips were dipped in type I collagen solution (1 mg/mL) in PBS ( 1× by default) for 1 min and then dried in cell culture hood for 15 min in air at room temperature before experiments.

Following overnight incubation at 37 °C, cells were further treated with RPMI cell culture media containing 0, 5, 10, or 20 μM nBR, fBR, or empty NP (eNP) , as well as 75 nM LysoTracker Red DND-99 (Life Technologies, Grand Island, NY, USA) to fluorescently label acidic organelles (lysosomes). After 1 h incubation at 37 °C, the cells were washed twice with 37 °C PBS and fixed with 4% paraformaldehyde at 37 °C for 10 min. The fixed cells were then incubated with Hoechst 33342 (5 μM in PBS) for 10 min at 37 °C and washed twice with 37 °C PBS to stain their nuclei. Finally, the coverslips with attached cells were mounted onto glass slides with Vectashield antifade mounting medium (Vector Laboratories, Burlingame, CA, USA) for further examination. The intracellular bilirubin uptake by INS-R3 cells and distribution of bilirubin within the cells were studied qualitatively using Zeiss Apotome (Oberkochen, Germany) confocal-like structured illumination microscopy (SIM). Bilirubin demonstrates fluorescence emission at a wavelength of 534 nm when associated with plasma membranes.^[@bibr20-0963689717735112]^ Thus, intracellular bilirubin can be detected using a green excitation fluorescence filter, which covers a wavelength of 510 to 560 nm.

Effects of nBR on Viability of INS-R3 Cells Exposed to Hypoxic Stress {#section9-0963689717735112}
---------------------------------------------------------------------

Further, INS-R3 cells were then cultured until a monolayer had formed were then seeded into 24-well cell culture plates at a density of 5 × 10^4^ cells per well in 1 mL cell culture media per well. Media was treated with nBR, fBR, or eNP at concentrations of 0 to 20 μM (2 wells per treatment dose). Cells were acclimatized for 4 h under standard incubator conditions (21% O~2~ at 37 °C), then exposed to 8 h hypoxia (1% O~2~), followed by 12 h recovery (standard conditions). The 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) viability assays were performed as follows: 50 mg MTT was dissolved in RPMI cell culture solution (without phenol red) to create MTT stock solution. MTT stock solution of 100μL was added to each well, and samples were incubated for 1 h at 37 °C. Media was aspirated from the wells, cells were rinsed in 1 mL PBS (1×) and, 0.5 mL dimethyl sulfoxide (DMSO) was added to each well. Aliquots of 200 μL of the reaction product were transferred to a 96-well plate (2 samples per well of the 24-well plate), and absorbance was measured via spectrophotometry at a wavelength of 562 nm. Cell viability was expressed as percentage absorbance of control (untreated) cells.

Effects of nBR on Viability of Murine Islets Exposed to Hypoxic Stress {#section10-0963689717735112}
----------------------------------------------------------------------

Experiments were approved by the Institutional Animal Care and Use Committee at The Ohio State University (protocol \# 2012 A0000121). To assess the effects of nBR, fBR, and eNP treatment on viability of murine pancreatic islet cells in vitro, mouse pancreatic islets were isolated from female C57BL/6 donors (Harlan laboratories, Indianapolis, IN, USA) and maintained in culture using the techniques described by Zmuda et al.^[@bibr21-0963689717735112]^ Following 24 h incubation at 37 °C, islets were transferred to 35 mm petri dishes at a density of ∼60 islets per dish and suspended in 1 mL media containing either nBR, fBR, or eNP at concentrations of 0, 5, 10, or 20 μM. Cells were incubated under standard conditions (37 °C, 21% O~2~) for 4 h, then exposed to 24 h of hypoxia (1% O~2~ at 37 °C), followed by 12 h of recovery under standard culture conditions. Media was changed for fresh media containing equivalent drug concentrations prior to recovery. The duration of hypoxia was based on previous work in our laboratory, with the goal of achieving 30% to 40% cell death in order to demonstrate both potential detrimental and therapeutic effects of NP administration.^[@bibr5-0963689717735112]^ Islets were hand-picked and transferred to new 35 mm petri dishes containing propidium iodide (PI) and 5 μM Hoescht 33342 in PBS. Cells were imaged using 4′,6-diamidino-2-phenylindole (DAPI) (blue) and Texas Red (red) channels via epifluorescent microscopy. Images were analyzed using NIH Image J software; and the percentage of PI positive cells, indicating percentage cell death present in each islet, was calculated using a custom islet macro as previously described.^[@bibr22-0963689717735112]^

### Islet function testing using glucose-stimulated insulin secretion {#section11-0963689717735112}

To assess islet function following treatment with various concentrations of nBR, fBR, or eNP, further mouse pancreatic islets were isolated and cultured overnight in RPMI cell culture media with 10% penicillin/streptomycin and 1% BSA, containing 5 or 10 μM of nBR, fBR, or eNP, or no treatment (control). Experiments were repeated 3 times. Following overnight incubation, islets of different mice were mixed and incubated for 2 h in zero glucose media (Krebs-Ringers bicarbonate buffer solution containing 0.1% BSA). Islets were then hand-picked and transferred to 35 mm petri dishes containing 1 mL each of either low-glucose (2.8 mM) or high-glucose (28 mM) media (Krebs-Ringers bicarbonate buffer, 1% BSA, containing [d]{.smallcaps}-glucose) and incubated at 37 °C for 1 h with gentle agitation. Insulin concentrations in the media were measured using commercially available assays (Mercodia Mouse Insulin ELISA; Uppsala, Sweden). To account for differences in islet size and therefore absolute insulin secretion between groups, insulin secretion was normalized according to DNA content. The stimulation index (SI) was calculated as the normalized insulin concentration in high-glucose media divided by the normalized insulin concentration in low-glucose media, for each group.

Statistical Analyses {#section12-0963689717735112}
--------------------

Statistical analyses for release data were performed using MedCalc for Windows, version 12.5 (MedCalc Software, Ostend, Belgium). Area under the curve (AUC) was analyzed using the Kruskall-Wallis nonparametric test with Conover posttests. Following outlier detection using Grubbs double-sided and Tukey tests, the analysis was rerun with outliers excluded, and the results were unchanged. Cell viability data were analyzed using IBM SPSS Statistics for Mac, Version 21.0 (IBM Corp, Armonk, NY, USA). Shapiro-Wilk and Levene tests were used to test data for normal distribution and homoscedasticity, respectively. For INS-R3 cell viability data, 2-factor, univariate analysis of variance (ANOVA) was performed, and Tukey honest significant difference post hoc tests were used to compare effects between groups. For murine islet cell viability data, the main effects of "treatment group" and "concentration" on the dependent variable "percentage cell death" were evaluated with the linear mixed procedure. When a significant main effect was identified, a multiple comparison test (Sidak) was performed. Islet function data (SI based on normalized insulin secretion for each group) were analyzed using 2-factor, univariate ANOVA. SI data were log transformed prior to analysis to better fit the assumptions of the statistical model. Statistical significance was set at *P* ≤ 0.05.

Results {#section13-0963689717735112}
=======

Physiochemical Characterization of Nanoparticles {#section14-0963689717735112}
------------------------------------------------

The morphology, size, and ζpotential of Pluronic F127--chitosan NPs were determined using the techniques reported by Rao et al.^[@bibr16-0963689717735112]^ Briefly, transmission electron microscopy and a carbon film-coated copper transmission electron microscopy grid were used to visualize NP size, whereas surface ζ potential of nanomaterials (i.e., NP and nBR) were assessed using a Brookhaven 90Plus/BI-MAS (Holtsville, NY, USA) dynamic light scattering (DLS) instrument. Results are presented in [Table 1](#table1-0963689717735112){ref-type="table"}.

###### 

EE and LC of Bilirubin Together with Diameter of the Resultant NP-Encapsulated Bilirubin (nBR), Determined by DLS: All Data are Presented as Mean ± Standard Deviation.

![](10.1177_0963689717735112-table1)

  NP type   Bilirubin: NP Ratio (w: w)   EE (%)       LC (%)      NP=Diameter, nm at 22 ^o^C   NP Diameter, nm at 37 ^o^C   NP Zeta Potential, mV at 22 ^o^C   NP Zeta Ppotential, mV at 37 ^o^C
  --------- ---------------------------- ------------ ----------- ---------------------------- ---------------------------- ---------------------------------- -----------------------------------
  nBR       1: 20                        10.1 ± 0.2   0.6 ± 0.1   355.0 ± 9.3                  27.1 ± 1.4                   4.4 ± 0.4                          19.1 ± 4.9
  eNP       NA                           NA           NA          293.7 ± 47.7                 19.0 ± 1.9                   9.3 ± 0.6                          20.7 ± 0.7

Abbreviations: DLS, dynamic light scattering; eNP, empty nanoparticle; EE, encapsulation efficiency; LC, loading content; nBR, nanoparticle bilirubin; NA, not applicable; NP, nanoparticle.

Bilirubin Release Characteristics {#section15-0963689717735112}
---------------------------------

AUC for bilirubin release in each of the 4 groups was significantly different (*P* = 0.0156). Release was significantly greater for nBR than for fBR and in solutions containing protein compared to PBS alone (*P* \< 0.001). For nBR in PBS + 10% FBS, there was an initial burst of release over approximately 8 h, followed by a more steady release up to 48 h. The initial burst release was not as marked for the fBR group, but maximal bilirubin release occurred over the first 48 h, followed by a plateau of the release curve ([Fig. 4](#fig4-0963689717735112){ref-type="fig"}).

![Release of bilirubin, expressed as percentage of original bilirubin concentration, through a 20 kDa dialysis membrane, suspended in dialysate with or without protein. Group 1: nanoparticle bilirubin (nBR) in phosphate-bufferd solution (PBS) + 10% albumin; Group 2: free bilirubin (fBR) in PBS + 10% albumin; Group 3: nBR in PBS; Group 4: fBR in PBS. Area under the curve for bilirubin release in each of the 4 groups was significantly different (*P* = 0.0156). Release was significantly greater for nBR than for fBR and in solutions containing protein compared to PBS alone (*P* \< 0.001). For nBR in PBS +10% FBS, there was an initial burst of release over approximately 8 h, followed by a more steady release up to 48 h.](10.1177_0963689717735112-fig4){#fig4-0963689717735112}

Cellular Uptake of Bilirubin in INS-R3 Cells {#section16-0963689717735112}
--------------------------------------------

INS-R3 cells showed increased uptake of nBR compared to fBR, which was dose-dependent. In cells treated with 10 to 20 μM nBR, colocalization of NPs within acidic organelles (endo-lysosomes) was demonstrated as overlay of the LysoTracker Red and bilirubin (green) fluorescence, resulting in a cumulative yellow color ([Fig. 5](#fig5-0963689717735112){ref-type="fig"}).^[@bibr23-0963689717735112],[@bibr24-0963689717735112]^

![Uptake of nanoparticle bilirubin (nBR; bottom row of each image), free bilirubin (fBR; middle row), and empty nanoparticles (eNP; top row), at concentrations of 5 μM, 10 μM, and 20 μM, by INS-R3 cells in culture. Murine INS-R3 cells in culture were seeded into petri dishes containing RPMI cell culture medium and type I collagen--coated glass cover slips, to allow cell adherence. Cells were further treated with RPMI cell culture media containing 0, 5, 10, or 20 μM nBR, fBR, or eNP, as well as 75 nM LysoTracker Red DND-99 to fluorescently label lysosomes. Cells were fixed and then incubated with Hoechst 33342 nuclear stain. Intracellular bilirubin uptake and distribution of bilirubin within the cells were studied qualitatively using Zeiss Apotome (confocal-like) structured illumination microscopy. INS-R3 cells showed increased uptake of nBR compared to fBR, which was dose-dependent. In cells treated with 10 to 20 μM nBR, colocalization of nanoparticles within endo-lysosomes was demonstrated as overlay of the LysoTracker Red and bilirubin (green) fluorescence, resulting in a cumulative yellow color.](10.1177_0963689717735112-fig5){#fig5-0963689717735112}

Effects of nBR on INS-R3 Cells under Hypoxic Conditions {#section17-0963689717735112}
-------------------------------------------------------

In INS-R3 cells exposed to hypoxic stress, treatment group and concentration had significant effects on percentage cell death (*P* \< 0.001), and there was a significant interaction between these 2 factors (*P* = 0.014). Cell viability data are expressed as percentage viability compared to untreated cells ± standard deviation in [Fig. 6](#fig6-0963689717735112){ref-type="fig"}. The highest viability was seen in cells treated with 5 μM nBR, while treatment with empty NPs appeared to decrease viability of INS-R3 cells.

![Mean viability ± standard deviation, expressed as percentage of viability of untreated cells, of INS-R3 cells treated with 0 to 20 μM nanoparticle bilirubin (nBR), free bilirubin (fBR), or empty nanoparticle (eNP) and exposed to 8 h hypoxia. INS-R3 cells were cultured and then treated with media containing nBR, fBR, or eNP at concentrations of 0 to 20 μM. Cells were exposed to 8 h hypoxia (1% O~2~), followed by 12 h recovery (standard conditions). The 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) viability assays were performed, and absorbance was measured via spectrophotometry at a wavelength of 562 nm. Cell viability was expressed as percentage absorbance of control (untreated) cells. Treatment group and concentration had significant effects on percentage cell death (*P* \< 0.001), and there was a significant interaction between the 2 factors (*P* = 0.014). The highest viability was seen in cells treated with 5 μM nBR (113.2% ± 3.9% of control).](10.1177_0963689717735112-fig6){#fig6-0963689717735112}

Protective Effects of nBR on Murine Islets under Hypoxic Conditions {#section18-0963689717735112}
-------------------------------------------------------------------

In murine islets exposed to hypoxic stress, treatment group (*P* = 0.05) and concentration (*P* \< 0.001) had significant effects on percentage cell death. Interaction between these 2 factors was not significant (*P* = 0.062). Data are expressed as mean cell death (%) ± standard deviation. Overall, islets treated with nBR (24.7% ± 17.5%) had significantly decreased percentage cell death compared to those treated with fBR (43.9% ± 23.4%; *P* = 0.047) or eNP (42.1% ± 21.0%; *P* = 0.005; [Fig. 7](#fig7-0963689717735112){ref-type="fig"}). Islets treated with 5 μM nBR (18.5% ± 14.1%) or 10 μM nBR (25.7% ± 15.7%) had significantly decreased cell death compared to untreated islets (33.5% ± 17.5%; *P* = 0.019). Dose-dependent cytotoxicity was seen in all groups, with 20 μM fBR, nBR, and eNP having significantly higher cell death in every group when compared to doses of 5 to 10 μM (*P* ≤ 0.007).

![Mean cell death ± standard deviation, expressed as percentage PI positive cells, of murine islets treated with 0 to 20 μM nanoparticle bilirubin (nBR), free bilirubin (fBR), or empty nanoparticle (eNP) and exposed to 24 h hypoxia. Mouse pancreatic islets were isolated from female C57BL/6 donors and maintained in culture. Following 24 h incubation at 37 °C, islets were suspended in 1 mL media containing either nBR, fBR, or eNP at concentrations of 0, 5, 10, or 20 μM. Cells were incubated under standard conditions (37 °C, 21% O~2~) for 4 h and then exposed to 24 h of hypoxia (1% O~2~ at 37 °C) followed by 12 h of recovery under standard culture conditions. Islets were stained with propidium iodide and Hoescht 33342 in phosphate-buffered solution (PBS). Cells were imaged using DAPI (blue) and Texas Red (red) channels via epifluorescent microscopy. Percentage of PI positive cells, indicating percentage cell death present in each islet, was calculated. Treatment group (*P* = 0.05) and concentration (*P* \< 0.001) had significant effects on percentage cell death. Interaction between the 2 factors was not significant (*P* = 0.062). Overall, islets treated with nBR (24.7% ± 17.5%) had significantly decreased percentage cell death compared to those treated with fBR (43.9% ± 23.4%; *P* = 0.047\*) or eNP (42.1% ± 21.0%; *P* = 0.005\*). Islets treated with 5 μM nBR (18.5% ± 14.1%) or 10 μM nBR (25.7% ± 15.7%) had significantly decreased cell death compared to untreated islets (33.5% ± 17.5%; *P* = 0.019^\*\*^). Dose-dependent cytotoxicity was seen in all groups, with 20 μM fBR, nBR, and eNP having significantly higher cell death in every group when compared to doses of 5 to 10 μM (*P* ≤ 0.007).](10.1177_0963689717735112-fig7){#fig7-0963689717735112}

At 12 h after a 24-h period of hypoxia, the number of remaining intact islets in each group was divided by the initial islet count (60 islets per well) to determine the percentage of islets persisting in culture. Islets treated with 5 μM nBR (95.0% intact) and 10 μM fBR (76.7% intact) had a higher percentage of intact islets when compared to control (30% intact; [Fig. 8](#fig8-0963689717735112){ref-type="fig"}).

![Islet survival, expressed as percentage of initial number of islets, after treatment with 0 to 20 μM nanoparticle bilirubin (nBR), free bilirubin (fBR), or empty nanoparticle (eNP) and exposure to 24 h hypoxia. At 12 h after a 24-h period of hypoxia, the number of remaining intact islets in each group was divided by the initial islet count (60 islets per well) to determine the percentage of islets persisting in culture. Islets treated with 5 μM nBR (95.0% intact) and 10 μM fBR (76.7% intact) had a higher percentage of intact islets when compared to control (30% intact).](10.1177_0963689717735112-fig8){#fig8-0963689717735112}

When images of stained islets were analyzed qualitatively ([Fig. 9](#fig9-0963689717735112){ref-type="fig"}), central necrosis of islets was seen in untreated groups, as well as those treated with fBR at concentrations of 10 to 20 μM. Central apoptosis and necrosis being is particularly pronounced in central areas of large islets due to the higher nutrient and oxygen diffusion distance to the center of these cell aggregates.^[@bibr25-0963689717735112]^

![Hoescht (nuclear, blue) and PI (cell death, red) staining of murine islets treated with 0 to 20 μM nanoparticle bilirubin (nBR), free bilirubin (fBR), or empty nanoparticle (eNP) and exposed to 24 h hypoxia. Images were taken using epifluorescent microscopy at 4× magnification. Qualitative analysis of stained islets revealed central necrosis of islets in untreated groups, as well as those treated with fBR at concentrations of 10 to 20 μM. Apoptosis and necrosis are particularly pronounced in central areas of large islets due to the higher diffusion distance to the center of these cell aggregates.](10.1177_0963689717735112-fig9){#fig9-0963689717735112}

### Islet function measured by glucose-stimulated insulin secretion {#section19-0963689717735112}

There was a significant effect of treatment group on SI (*P* = 0.0137), with the highest SI noted in islets treated with 5 μM nBR. Islets treated with fBR and particularly those treated with empty NPs had lower SI than control, suggesting that both fBR and empty NPs had a negative effect on islet function ([Fig. 10](#fig10-0963689717735112){ref-type="fig"}).

![Assessment of islet function in murine islets. Glucose stimulation index (SI) was calculated as the ratio of normalized insulin secretion in high: low glucose media for untreated islets and for those treated with 5 to 10 µM empty pluronic F127--chitosan nanoparticles (eNP), free bilirubin (fBR), or nanoencapsulated bilirubin (eNP). Increasing SI indicates improved islet viability. Data were log transformed to better fit the assumptions of the statistical model and are presented as mean ± standard error. There was a significant effect of treatment group on log SI (*P* = 0.014), with the highest SI seen in islets treated with 5 µM nanoencapsulated bilirubin (nBR). Empty nanoparticles (ENP) appeared to have a negative effect on islet function, which increased with increasing dosages from 5 to 10 µM.](10.1177_0963689717735112-fig10){#fig10-0963689717735112}

Discussion {#section20-0963689717735112}
==========

Although several researchers have demonstrated the protective effects of bilirubin in research models, our study is the first to use NP drug delivery to take a step toward a more bioavailable and therefore clinically applicable drug formulation. Drug release studies in our novel in vitro model showed some surprising results. The release kinetics of entrapped drug from polymeric micelles into the dialysis chamber is affected by diffusion of drug and polymer degradation---Pluronic F127 polymers undergo degradation by hydrolysis in PBS solution.^[@bibr26-0963689717735112],[@bibr27-0963689717735112]^ Using the dynamic dialysis method as in this study, the apparent release rate is the net result of drug transport across 2 barriers in series: release from the NPs into the dialysis chamber followed by diffusion across the dialysis membrane.^[@bibr28-0963689717735112]^ Previous studies of drug release from Pluronic F127--chitosan NPs suspended in PBS report an initial release "burst" over 8 h, followed by sustained drug release over the ensuing 48 h, with plateau of the release curve after 48 h.^[@bibr24-0963689717735112],[@bibr29-0963689717735112]^ A key difference in our study is that it is the first to use protein in the dialysate solution in an attempt to better simulate in vivo release kinetics---something that we considered important in evaluating the release of bilirubin, which is a highly protein-bound substance. Using this model, we found that significantly greater bilirubin release occurred in solutions containing albumin (FBS), compared to PBS alone, which is likely related to the high affinity of bilirubin for albumin in aqueous solution. Unconjugated bilirubin has poor solubility at pH 7.4 (∼70nM), but this is improved in plasma, where 99% of bilirubin (IXα) is bound to albumin in human adults.^[@bibr9-0963689717735112]^ Human serum albumin (HSA) has 1 high-affinity binding site---an L-shaped "pocket" in subdomain IB---and 1 or 2 secondary binding sites with much lower affinity for bilirubin.^[@bibr30-0963689717735112]^ BSA has a molecular weight almost identical to HSA (66.5 kDa) and the stoichiometry of bilirubin binding to BSA is thought to be comparable to HSA, with 1 high-affinity and 2 low-affinity binding sites.^[@bibr18-0963689717735112]^ Bilirubin, complexed to albumin, may have been more stable in solution and diffused more readily across the dialysis membrane than in solutions of PBS alone, where the hydrophobic bilirubin may have precipitated.

Another unexpected finding in the release study was the relatively slower diffusion of fBR across the dialysis membrane compared to nanoencapsulated bilirubin. Since nBR first had to dissociate from NP, then diffuse across the membrane, slower drug release from the nBR group would have been expected. However, previous studies citing sustained release of drug from NP did not report parallel release data for diffusion of free drug across the same membrane, so we have no basis for comparison.

Although dynamic dialysis is the standard method for evaluation of drug release from NP formulations, a recent study^[@bibr28-0963689717735112]^ questioned the validity of this method. These authors proposed that the dual barrier (release from NP, followed by diffusion across a membrane) complicates data interpretation and may lead to incorrect assumptions about sustained release from NP carriers, since reversible binding of drug to NP within the dialysis membrane determines the drug concentration available for diffusion. They recommended validation of drug release kinetics at varying NP concentrations and the determination of membrane-binding coefficients along with appropriate mechanism-based mathematical modeling to ensure the reliability and proper interpretation of the data.^[@bibr28-0963689717735112]^ Additional investigation of drug release kinetics, using ultracentrifugation and ultrafiltration to separate NP from free drug at each time point in the study, as well as continuing the release study over a longer time period would add further information to the release kinetics data generated in the current study.

Nanoparticle delivery of bilirubin achieved a protective effect in isolated murine islets, following hypoxic stress. The mechanism of the improved effects of nBR when compared to fBR is likely the improved, selective uptake of nBR by pancreatic islet cells. Cellular uptake is influenced by NP size and ζ potential. Smaller NPs have a larger surface area, leading to greater cellular uptake and faster release of drug. The nBR particles used in this study, with a diameter 27.1 nm at 37 °C, were within the ideal range for uptake via endocytosis of 10 to 30 nm.^[@bibr31-0963689717735112]^ In addition, the positive surface charge of nBR at 37 °C (19.1 ± 4.1 mV) likely facilitated its uptake by mammalian cells, whose plasma membrane is usually negatively charged.^[@bibr16-0963689717735112]^

Pancreatic β cells are metabolically active, especially under conditions of increased glucose concentration. The stimulation of insulin release by glucose is accompanied by an enhanced uptake of macromolecules, via a specific exocytosis-endocytosis coupling mechanism.^[@bibr32-0963689717735112]^ However, the cellular entry of macromolecules like bilirubin, via simple diffusion, is impaired by the poor permeability and selectivity of cell membranes and by degradation within lysosomes following internalization by endocytosis. Polymeric NPs are capable of escaping degradation within the endo-lysosomal compartment, resulting in more efficient intracellular delivery.^[@bibr33-0963689717735112]^

LysoTracker Red is a fluorescent marker for secondary endosomes and lysosomes, which is colorless at physiologic pH, but has red fluorescence at the acidic pH of 4 to 5 of endosomal compartments. In the current study, when nBR (green fluorescence) was colocalized within the endo-lysosomal compartment with LysoTracker Red, yellow fluorescence resulted. However, at 1 h postincubation, some nBR was also localized in the cytoplasmic compartment, as seen from the appearance of green fluorescence of NPs ([Fig. 5](#fig5-0963689717735112){ref-type="fig"}). This is consistent with the findings of previous studies of Pluronic F127--chitosan NP, and it can be inferred that NPs were probably escaping rapidly from the endo-lysosomal compartments into the cytoplasmic compartment following their uptake.^[@bibr12-0963689717735112],[@bibr33-0963689717735112]^ These observations indicate that endocytosis via the endosome/lysosome system is an important mechanism for cellular uptake of the Pluronic F127--chitosan nBR.

This study showed a trend toward a protective effect of 5μM nBR in insulinoma cell line (INS-R3) cells exposed to hypoxic stress ([Fig. 6](#fig6-0963689717735112){ref-type="fig"}), but protective effects were less apparent than those seen in intact murine islets ([Figs. 8](#fig8-0963689717735112){ref-type="fig"} and [9](#fig9-0963689717735112){ref-type="fig"}). Since the MTT assay provides cell viability data relative to control cells, rather than as an absolute value, it is not possible to compare percentage cell death overall between INS-R3 and murine islet cells following hypoxia. However, it is likely that the cancer cell line was less susceptible to the detrimental effects of hypoxia than pancreatic islets, which may have resulted in attenuation of the protective effects of NP. In a previous study characterizing cell death in murine islets and MIN6 insulinoma cell line cells exposed to transplant stressors in vitro, murine islets were found to exhibit marked plasticity in cell death modes, in contrast to MIN6 cells, which died almost exclusively via classical apoptosis.^[@bibr34-0963689717735112]^ These observations suggest that insulinoma cell lines may not be an appropriate or representative model for murine pancreatic islets in future experiments. Another explanation for the modest protective effects of nBR in INS-R3 cells is that neoplastic cells tend to accumulate larger numbers of NP through endocytosis, due to their increased metabolic activity. This may have resulted in a relative overdose of NP polymers, overwhelming any protective effects of nBR.

Doses of 5 to 10 μM nBR were protective of murine pancreatic islets following hypoxic stress, in agreement with previous studies, which reported therapeutic doses of fBR of 8.5 to 10 μM.^[@bibr7-0963689717735112],[@bibr12-0963689717735112]^ In general, the dosing efficiency of nano-encapsulated drug is expected to be greater than free drug, due to sustained drug release combined with rapid, preferential uptake by metabolically active cells.^[@bibr35-0963689717735112]^ Targeted drug delivery to islets, using an islet-specific ligand, such as an "islet-homing peptide,"'^[@bibr24-0963689717735112]^ may further increase the efficiency of nBR and reduce the therapeutic dose. Interestingly, while nano-encapsulation of bilirubin appeared to improve biological effect and drug delivery, the therapeutic range of this novel formulation remains narrow, as with fBR. Fortunately, if the drug is being administered ex vivo in islet media prior to transplantation, drug concentrations will be easier to predict when compared to systemically administered drugs.

We noted that treatment of islets with nBR prevented central necrosis of islets when PI images were assessed qualitatively ([Fig. 9](#fig9-0963689717735112){ref-type="fig"}). Untreated islets and those treated with \>5μM fBR exhibited characteristic central necrosis, whereas islets treated with 5 μM nBR did not. Giuliani et al.^[@bibr25-0963689717735112]^ investigated the relative effects of hypoxia (1% oxygen for 24 h) and nutrient deprivation on pancreatic islets and MIN6 insulinoma cells and concluded that the gradual transition from an apoptotic to a necrotic morphology in the central cells of hypoxic pancreatic islets is the result of the combined effects of hypoxia and nutrient or serum deprivation, most likely due to impaired diffusion. The mechanism by which nBR protects against central necrosis may be improved uptake of nBR by central islet cells, compared to fBR, since uptake of nBR appears to be via active transport, rather than simple diffusion as for fBR. Previous work in our laboratory investigating the protective effects of fBR on isolated murine islets exposed cells to 3 h hypoxia found significant improvements in cell survival. However, exposure to 24 h hypoxia may have overwhelmed the protective effects of fBR and highlights the improved effectiveness of NP drug encapsulation. This effect may have variable clinical importance in difference species. For example, in canine islet transplantation, since both murine and canine islets are composed primarily of β cells clustered in a central core, surrounded by smaller numbers of α cells, δ cells, PP cells, and ε cells in the periphery. This is in contrast to human islets, which have fewer β-cells, randomly distributed throughout the islet.^[@bibr36-0963689717735112]^ In a similar manner, differences in islet anatomy and physiology between species may cause variations in sensitivity of the islets to hypoxic injury and future studies will be required to investigate the dose effects of nBR therapy in canine and human islets.

Islets treated with 5 to 10 μM nBR and 10 μM fBR demonstrated improved insulin secretion in response to glucose compared to untreated islets, and SI was highest in the 5 μM nBR group. These data on islet function are aligned with the viability data for the various treatment groups and support that at a concentration of 5 μM, nBR appeared to improve both islet viability and function. Interestingly, our model showed evidence that eNP caused a dose-dependent decrease in islet function. There was substantial variability in normalized insulin secretion data for islets treated with eNP ([Fig. 10](#fig10-0963689717735112){ref-type="fig"}), with higher insulin concentrations in media under "basal" glucose conditions, and lower insulin concentrations in "high"-glucose media. One possible explanation is that islets underwent necrosis or apoptosis when treated with eNP (as was observed in islet hypoxia experiments) and released cytosolic insulin into media prior to stimulation with glucose.

SI, the ratio of insulin level in culture media containing high:low glucose concentrations, is an accepted measure of islet function and is the most frequently used test in clinical and experimental studies.^[@bibr37-0963689717735112],[@bibr38-0963689717735112]^ Typically, islets are cultured in a "low"-glucose concentration, near 3 mM, to measure the amount of insulin secreted into the media under "basal" conditions. Stimulated insulin release is measured by exposing islets to a higher glucose concentration of 11.1 mM (half-maximal) to 28 mM (maximal--used in this study).^[@bibr37-0963689717735112]^ Insulin release from islets is biphasic, with an initial spike in insulin release after 5 to 6 min (first phase) followed by a decline to a prolonged second phase plateau of insulin release that begins about 60 min after stimulation and persists for the duration of the stimulus.^[@bibr37-0963689717735112],[@bibr39-0963689717735112]^ SI of healthy islets varies from 2 to 20, depending on strain, age, and bodyweight of donor animals, and a cutoff value of SI \>3 has been shown to be predictive of viable islets when high-glucose concentrations of 16.5 to 22 mM are used.^[@bibr37-0963689717735112],[@bibr38-0963689717735112]^ In the current study, insulin secretion data were normalized based on islet DNA content, the SI cannot be directly compared to previous reports. In addition, concentrations of glucose in "high" glucose media often differ between studies, hindering comparison between institutions.^[@bibr38-0963689717735112]^ The release of insulin from islets is a complex process, modulated not only by glucose but also by nonglucose nutrients, hormones, and neural inputs.^[@bibr39-0963689717735112]^ Other studies have investigated alternative methods of testing islet viability, including adenosine diphosphate (ADP)/adenosine triphosphate (ATP) ratio, ATP/DNA ratio, or insulin/DNA ratio, since intracellular DNA remains relatively stable within dead cells, allowing their inclusion in the overall assessment of viability.^[@bibr38-0963689717735112],[@bibr40-0963689717735112],[@bibr41-0963689717735112]^ However, there is no consensus on a gold standard test for predicting islet viability and success of transplant in vivo, and SI remains the clinical standard in human islet transplant programs.

Interestingly, eNPs were found to be toxic to both INS-R3 cells and murine islets, following hypoxic stress. Treatment of murine islets with eNP at 5 to 10 μM resulted in a higher rate of cell death (measured via PI staining) and a lower number of intact islets than treatment with nBR at the same doses. In addition, islets treated with eNP had the lowest SI overall, indicating impaired islet function. Murine islets and INS-R3 cells in this experiment were treated with 1 to 4 mg/mL nBR or eNP, in order to achieve bilirubin concentrations of 5 to 20 μM. Given the low loading content of the nBR (0.6% by weight of each NP), toxicity may have resulted from the relatively higher dose of NP needed to achieve therapeutic doses of bilirubin. Having seen the improved drug release and uptake in the current study, it is interesting to speculate whether even lower doses of nBR (\<5 uM) would retain the positive biological effects demonstrated herein and would further minimize any cytotoxicity resulting from the NP formulation.

Some previous studies of the effects of Pluronic F127--chitosan NP on both cancerous and noncancerous cultured cell lines in vitro have found low toxicity (\>95% viability) at doses of 1 to 10 mg/mL.^[@bibr12-0963689717735112],[@bibr29-0963689717735112]^ In contrast, a study investigating poly(lactic-co-glycolic acid) and poly(ethylene glycol) or PLGA-PEG NP for delivery of an immunosuppressive drug to murine islet capillary endothelial cells in vitro found a dose-dependent pro-inflammatory effect of empty NP, at doses of 10 to 50 μg/mL.^[@bibr24-0963689717735112]^ Although chitosan is considered nontoxic and has been approved by the FDA for wound dressings, it has been shown to have antitumor effects on numerous human cancer cell lines in vitro.^[@bibr14-0963689717735112]^ Its mechanism of action is to induce a robust IL-1β response, via K+ efflux, formation of reactive oxygen species, and lysosomal destabilization.^[@bibr42-0963689717735112]^ The mechanism by which NP causes dose-dependent cytotoxicity of both INS-R3 cells and murine islets is not clear from this study; further investigation in this area is warranted.

In contrast to previous studies, treatment with fBR had negligible protective effect on murine islets, and dose-dependent cytotoxicity was evident, although islets appeared to maintain insulin secretory function at doses of 5 to 10 μM fBR. Doses of 25 to 50 μM bilirubin have been found to interfere with mitochondrial respiration and induce necrosis and apoptosis of cells in culture.^[@bibr11-0963689717735112]^ The cytotoxicity of nBR at high doses in this study is therefore likely a result of the additive toxicity of bilirubin and the NP themselves. Although a larger number of intact islets were present following treatment with 10 μM fBR than control, PI viability staining showed a higher percentage cell death in this group.

In conclusion, Pluronic F127--chitosan nanoencapsulation of bilirubin is feasible and results in improved cellular uptake via endocytosis in INS-R3 cells. In this in vitro investigation, dose-dependent protective effects of nBR on hypoxic murine islets were demonstrated, with doses of 5 μM nBR providing maximum protective benefit, while preserving insulin secretory function. Treatment with 5 μM nBR resulted in preservation of normal islet architecture, prevention of central necrosis, and improved islet function assessed by SI. Future work will focus on improving the efficiency of loading bilirubin into NP and the development of less cytotoxic NP for delivery of cytoprotective agents to transplanted cells.
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